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Health care is one of the areas in our society in which 
embedded computing systems can have a tremendous 
impact in reducing costs, improve efficiency, speed up the 
diagnosis of diseases, and detect critical health conditions. 
This paper presents an advanced mobile monitoring 
systems for patients affected by heart failure, focusing on 
the software methodologies adopted for handling real-time 
and energy constraints.

1 Introduction
Mobile health monitoring combines medical devices for health care with mo-

bile computing technologies for improving the communication among patients, 
physicians, and other health care centers. 

Recent technological advances in sensors, integrated circuits, and wireless 
communications have enabled the development of low-cost, miniature bio-medi-
cal devices that can be integrated into wireless body area networks (WBANs) 
for mobile health monitoring. Such networks are capable of sensing, process-
ing, and communicating a set of vital signals and physiological data directly to a 
medical service center, where they can be stored into a personal file, which can 
be remotely accessed by the doctor whenever needed.

The advantages of such systems are significant, both from the patient and 
the society. From the patient point of view, this technology enables the delivery 
of accurate medical information from anywhere at any time, providing a snap-
shot of the personal health status to the doctor, without requiring hospitalization. 
Hence, the patient can continue to carry out his activities in his home, saving a 
lot of time and also gaining a psychological benefits. Moreover, the acquired 
data are stored in a personal file and collected to build up a complete and de-
tailed history of the patient, useful for anamnesis, diagnosis, and prognosis. Fi-
nally, this technology helps people participating more closely in their own health 
care, especially for those that are reluctant to go to the hospital or to their doctor 
for routine medical checkups.

From a social perspective, mobile health care allows saving an enormous 
amount of money, by avoiding the costs of pre-hospitalization of those patients 
that need to be monitored but are not critical. Avoiding  the pre-hospitalization of 
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non critical patients has also the benefit of a more efficient usage of the re-
sources, avoiding crowding and long queues in health centers and hospital de-
partments.

A portable health monitoring systems must satisfy several requirements in 
order to be really useful and accepted by the patient. First of all, it must be 
small, lightweight, and it must not consume much energy, having an autonomy 
of at least 24 hours. Such features impose tight constraints on the system archi-
tecture, especially on the processing unit, the memory, and the wireless com-
munication device. Given the strong limitations on the processing resources 
available onboard, the operating system must adopt suitable algorithms for effi-
cient as well as predictable resource management.

Moreover, the system has to carry out several concurrent activities in real-
time, most of which require to be periodically executed (e.g., sensory acquisi-
tion, filtering, digital signal processing, data integration, storage, and communi-
cation). As a consequence, the kernel must handle periodic tasks with timing 
constraints and must guarantee bounded response times for all time critical pro-
cesses.

Finally, these systems are typically required to monitor the patient continu-
ously from one up to 3 days, hence battery lifetime is a crucial constraint to be 
guaranteed. Unfortunately, real-time and energy constraints are contrasting ob-
jectives in terms of resources allocation. In fact, to achieve short response times 
the system should operate at high speeds and have all devices active to reduce 
access delays, but this generates high power consumption; whereas, in order to 
last long, the system should to operate at low speed and turn off devices when-
ever not used, but this generates long latencies. To reduce power consumption 
while guaranteeing real-time constraints, special energy-aware policies have be 
used for tasks and message scheduling.

In this paper, we present an advanced mobile monitoring systems for pa-
tients affected by heart failure, focusing on the software methodologies adopted 
for handling real-time and energy constraints.

1.1 Related work
In the last ten years, health care triggered several research projects related 

to mobile monitoring systems.
At Harvard University, researchers have developed a wireless monitoring 

systems, called Code-Blue [Mal04], for medical applications, including pre-hos-
pital and in-hospital emergency care. The sensors include portable 2-lead ECG, 
pulse oximeter, wearable Pluto mote with built-in accelerometer, and a module 
with accelerometer, gyroscope, and electromyogram sensor for stroke patient 
monitoring.

At the University of Aarhus, a research team developed and deployed a 
monitoring infrastructure for hospitals, including a location tracking system and 
context-aware applications running on interactive displays and mobile phones 
[Bar06].

MobiHealth [Mobi] aimed at the development of a mobile monitoring system 
for healthcare, integrating sensors in a body area network (BAN) customized to 



the individual patient needs. Physical measurements, such as blood pressure or 
ECG are measured and transmitted wirelessly from the BAN to the hospital or 
health call center.

HEARTFAID [Heart] focused on defining an efficient health care delivery or-
ganization and management models for improving the processes of diagnosis, 
prognosis and therapy provision in the heart failure domain. The core of the 
platform is a clinical decision support system, designed by integrating knowl-
edge representation techniques, hybrid reasoning methods, and advanced tools 
for the analysis of diagnostic data. In this context, a research team of the 
project [Col07, Col08, Chi10] investigated the use of semantic web technologies 
for implementing a real clinical scenario, covering the clinical course of a heart 
failure patient.

The ASCOLTA project [Asco] is focused on the development of an advanced 
monitoring systems for heart failure, integrating several physiological parame-
ters like ECG, breath signal, oxygen saturation, blood pressure, inertial data, 
and patient weight, for early detection of critical conditions.

Stankovic et al. [Sta05] discuss the benefits and the crucial requirements for 
a pervasive monitoring infrastructure dedicated to assisted living, identifying the 
main research issues in such a new application domain.

Virone et al. [Vir06, Vir07] proposed an information system for assisted living 
based on a residential wireless sensor network that detects the presence of pa-
tients in specific locations and estimates a set of events of interest.

Wu et al. [Wu07] present the design and implementation of a wireless mobile 
monitoring system based on Bluetooth technology. Multiple physiological pa-
rameters can be monitored in real-time and the users can connect to the medi-
cal service center through digital family equipments, such as digital televisions 
and cell phones.

Wood et al. [Woo08] present a context-aware wireless sensor networks for 
assisted-living and residential monitoring, integrating environmental, physiologi-
cal, and activity sensors in a scalable heterogeneous architecture.

Trappey et al. [Tra09] developed a mobile intelligent medical system to sup-
port mobile nursing applications and clinical decision support. The system in-
cludes an RFID-based module for patient data collection and a Java-based ex-
pert system for issuing warnings and diagnostic messages.

Ren et al. [Ren10] present several techniques that can be used to monitor 
patients effectively and enhance the functionality of telemedicine systems, and 
discuss how secure strategies can be used to improve the security of mobile 
healthcare.

Santra [San10] discussed secure strategies that can impede the attacks 
faced by wireless communications in mobile healthcare systems.

Shahriyar et al. [Sha09] present a mobile health monitoring system that uses 
a wearable wireless body area network for collecting data from patients and 
predicts patient's health status. The patients can access their health information 
by their mobile devices.



2 System architecture
The system considered in this paper is shown in Figure 1 and consists of an 

embedded platform worn by the patient to monitor his physiological data 
through a set of sensors. In its full configuration, the platform can include the 
following components:

– a microcontroller unit (MCU) in charge of acquiring, processing, com-
municating, and storing data from a set of biomedical sensors;

– a radio transceiver used to connect the system with a remote server or 
other devices, such as PCs or portable devices. Different wireless stan-
dard protocols are supported, as ZigBee, Bluetooth, and WiFi;

– one or more storage components, such as flash memories, SD cards, 
or USB storage devices;

– a set of biomedical sensors for monitoring the electrocardiografic signal 
(ECG), oxygen saturation (SPO2), heart and breath rate;

– a 3-axis accelerometer to detect  possible  dangerous situations (e.g., 
falls) and reconstruct the patient activities for a correlation with the ECG 
trace.

– A user interface used to signal the system status and/or to control the 
device.

The system has been designed to be modular, in the sense that, depending 
on the specific application, one or more components can be excluded from the 
platform to minimize the weight and the energy consumption.. For instance, 
when the system is used to monitor people affected by heart failure, the plat-
form includes ECG, SPO2, and breath rate sensors, a SD card to store the ac-
quired data, and a WiFi connection to send the patient status to a remote 
health-care center. The user interface, kept as simple as possible, includes a 
switch to turn the device on and off, and a multicolor led and a buzzer to verify 
the proper operational modes. The system is powered by a rechargeable lithium 
polymer battery.

3 Real-Time issues
The software of a complex embedded device, such as that described in this 

work, must be able to handle several concurrent activities with different execu-
tion rates. For instance, the ECG signal is typically acquired with a sampling pe-
riod of 2-4 milliseconds, while the breath rate sensor can be sampled with a pe-
riod of 50 milliseconds. Other activities with different execution times and activa-
tion rates are related to data communication and data storage.



Fig.1 – System architecture

The data storage function is necessary to preserve patient data when the 
access point is  out  of  reach(e.g. when  the patient is not at home, or the 
communication is temporarily unavailable). The communication between the 
device and the remote health-care center is handled by a TCP/IP connection. 
To ensure a timely execution of such different activities and perform an off-line 
guarantee of the timing properties of the application, the software has to be 
supported  by  a real-time operating system. The software developed for  the 
platform  presented  in  this  paper  has been developed under  the ERIKA 
Enterprise  real-time  kernel [Erika], which allows  achieving  high  predictable 
timing behavior with a very small runtime overhead and memory footprint. The 
kernel is briefly described in the following section.

3.1.1 ERIKA Enterprise

ERIKA Enterprise is an open-source (GPL2 with linking exception) real-time 
operating system, implementing an Application Programming Interface compati-
ble with the OSEK/VDX standard for automotive embedded controllers. ERIKA 
includes highly predictable  real-time kernel  mechanisms and uses innovative 
programming features to support time sensitive applications on a wide range of 
microcontrollers and multi-core  platforms. In particular, ERIKA supports period-
ic and aperiodic task scheduling according to fixed and dynamic priorities; inter-
rupt handling for urgent peripherals operation (interrupts always preempt task 
execution); and time bounded resource sharing through the Immediate Priority 
Ceiling protocol [Sha90] [But11].



4 Energy management

4.1 General issues
Power management with energy efficiency considerations is not only useful 

for mobile devices for prolonging their battery duration, but it is also helpful for 
server systems for the reduction of power bills. Dynamic power due to switching 
activities and static power due to the leakage current are two major sources of 
energy consumption in CMOS circuits.

For micrometer-scale semiconductor technology, the dynamic power domi-
nates the power consumption of a processor. However, for technology in the 
deep sub-micron (DSM) domain, the leakage power consumption is comparable 
to or even more than the dynamic power dissipation. Reducing the voltage de-
creases the dynamic power consumption, however it  also reduces the maxi-
mum operating frequency.

The overall energy consumption of a computing system also depends on 
other components. Martin et al. [Mar01] derived the following model to describe 
the power consumption as a function of the processor speed, defined as a 
normalized frequency (s = f/fmax):

P(s) = K3s3 + K2s2 + K1s + K0

When the  dynamic power consumption dominates the other components 
(due to switching and leakage), the K3 coefficient is greater than the others and, 
power consumption can be approximated as P(s) = K s3.

Two major classes of power-aware algorithms can be distinguished based 
on the kind of power they try to reduce. Dynamic Voltage Scaling (DVS) tech-
niques reduce dynamic power by decreasing the supply voltage (and conse-
quently the clock frequency) of the system, whereas Dynamic Peripheral Man-
agement (DPM) approaches achieve energy saving by exploiting operational 
states with reduced energy consumption (e.g., sleep or idle) whenever possible.

To reduce the runtime overhead due to energy management, some algo-
rithms are applied off-line to compute the best energy setup as a function of the 
task set parameters (e.g., worst-case execution times and periods). The disad-
vantage of off-line approaches, however, is that they are based on worst-case 
assumptions and cannot take advantage of situations occurring at run time 
(such as early completions). For this reason, other methods are applied online 
to re-compute the parameters after each job termination.

When using DVS techniques in the presence of resource constraints (e.g., 
under mutually exclusive resources or non preemptive regions), the system can 
experience scheduling anomalies in which a task could even increase its re-
sponse time when executed at a higher speed [But06]. Such problems prevent 
managing the performance of a real-time application as a function of the pro-
cessor speed.



4.2 Proposed approach
In embedded systems characterized by real-time and energy constraints, se-

lecting the most appropriate energy management policy is not easy, because 
the result heavily depends on  the platform characteristics (e.g., energy modes 
and profiles of the devices, frequency range and power states of the CPU) and 
the application constraints (e.g., task deadlines, sensors acquisition delays, 
communication bandwidth, etc). 

A preliminary study carried out on the presented platform showed that to 
achieve the best results, both DVS and DPM techniques have to be integrated 
to fit the requirements with the minimum energy cost. The combination of DVFS 
and DPM is done by forcing a CPU sleep interval followed by an active interval 
executed at a fixed frequency, selected to minimize the energy (per unit of com-
putation) between the current and the next invocation of the analysis [Mar11]. 
The approach has been implemented in the Erika as a policy in the  Power 
Manager of the kernel, which is described in the next section.

5 Kernel support
The energy saving module proposed in this section is part of the kernel and 

interacts with the scheduler, the hardware devices, and the application. While 
the scheduler selects the next task to execute, the Power Manager chooses an 
appropriate running configuration (i.e., speed and voltage). It uses a modular 
approach that allows the user to select a policy customized for a specific device 
providing a uniform interface.

Fig.2 – Architecture of the power management module

The Power Manager consists of three hierarchically organized modules: the 
Application Programming Interface (API), the CPU Manager and the Devices 
Manager. Such a modular implementation allows the programmer to easily re-
move sub-components when not needed by the application, so helping to re-
duce the footprint.



The API module implements the interface defined for the interaction with the 
kernel and the applications. The CPU Manager is responsible for the power 
management of the CPU. Using a set of special callback functions the kernel in-
forms the module about scheduling events.

The CPU policy sub-module implements the energy saving policies, which 
typically select the best speed to meet the applications constraints, while satis-
fying a given set of performance requirements. The CPU driver is in charge of 
setting the CPU parameters.

The Devices Manager handles internal and external peripherals. Inside it, 
the Device policy sub-module contains all the device policies. For each of them, 
two stacked components, Power driver and Device driver, abstract the device 
behavior using a discrete set of states.

6 Performance results
This section presents some experimental results that show that integrating 

DVFS and DPM approaches leads to lower power consumption in  different 
types of  platforms. The experiment compares a pure DPM approach, a pure 
DVFS approach, and the mixed one proposed by Marinoni et al. [Mar11] on a 
system that has to remain active during communication slots.

The comparison is done on two different types of  architectures: in  the first 
one (denoted as Fully-DPM model) the leakage power consumption is domi-
nant; whereas in the second one (denoted as Fully-DVFS model) the main 
source of energy consumption is due to dynamic power.

In the experiment, the task set utilization is varied between 0.3 and 0.9 to 
evaluate the effect of the workload on different scenarios. The results are re-
ported in Figure 3 and show that the mixed approach always produces the best 
performance in terms of energy reduction and, in the worst case, behaves as 
good as the other approaches.
Notice that, even in the most favorable condition (left graph), the fully-DPM ap-
proach presents poor performance working with energy constraints that prevent 
from switching the system off in some particular intervals.

Fig.3 – Experimental results on power management techniques



7 Conclusions
This paper presented an integrated approach for addressing energy 

consumption and real-time constraints in a small embedded monitoring system 
for medical applications. Experiments results demonstrate the effectiveness of 
the method for different types of architectures.
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